Abstract. We report initial findings on improvements to precession electron diffraction (PED) achieved through aberration correction of the probe-forming lens and by energy-filtering. Using current-generation aberration correctors, we show that PED patterns can, in principle, be acquired with sub-nm spatial resolution. We present initial experimental results that illustrate aberration-corrected PED of nanostructured alloys. We show also that zero loss energy filtering minimizes the inelastic background in a PED pattern, important for weak reflections, and leads to an improvement in the refinement of a crystal structure using elastic-only intensities.
Introduction
Although X-ray and neutron diffraction methods remain the techniques of choice to determine unknown crystal structures, there are a variety of materials, e.g. multi-phase systems, interfacial phases, etc., where the capability of the transmission electron microscope to form high resolution images and ultra-small convergent probes enables structures to be determined that cannot be tackled with more conventional methods. The encoding of structural phase information in high resolution images makes this an attractive method to solve structures, overcoming the phase problem and eliminating the need for phase retrieval through statistical and probabilistic direct methods [1] [2] [3] . If the material is prepared very thin or is composed of relatively light elements then the phases recovered from a high resolution image can be related directly back to structure factor phases [4] . This form of electron crystallography has been remarkably successful and Sven Hovmöller, to whom this special issue is dedicated, has been at the forefront of this method [5] [6] [7] [8] [9] [10] .
However, if the sample is relatively thick and composed of strongly scattering species, then the phases derived from images may not be directly interpretable and we need a different approach, and we instead use electron diffraction and in particular precession electron diffraction (PED) which, since its development in the mid-1990s [11] , has proven to be a powerful tool for crystallographic analysis of a wide range of materials, with work on inorganic materials [12] [13] [14] , minerals [15, 16] and intermetallics [17, 18] through to studies of more exotic materials including metal-organic frameworks (MOFs) [19] , zeolites [20, 21] and organic crystals [22] .
PED involves rocking the electron beam to form a hollow cone illumination such that the Ewald sphere traverses a volume of reciprocal space, sweeping through the Bragg condition of a number of reflections; the diffraction pattern is composed of a series of Laue circles. The corresponding de-rocking action integrates over the Laue circle such that spots are formed in the back focal plane, the direct beam is brought back onto the optic axis and the geometry of the PED pattern resembles a conventional electron diffraction pattern. The net effect of the rockingde-rocking action is equivalent to having a fixed beam and precessing the crystal about the optic axis. PED can be used with a parallel beam, or, to minimise the area of crystal from which the patterns are recorded, with a convergent beam, the latter being favoured by the authors. A number of differences are apparent when comparing a PED pattern with a conventional pattern. In particular each diffracted spot is a single integrated intensity value (i.e. no effects of excitation error are visible) and by rocking the Ewald sphere, significantly more reflections are seen in the pattern with diffraction data extending out to higher spatial frequencies. It has been shown previously that, with sufficient precession angle, the PED intensities are far less prone to multi-beam dynamical effects and, to a good approximation, PED intensities can be treated as kinematical for the purposes of structure solution (for a recent review of many aspects of PED see [23] ).
There are, however, some practical difficulties associated with the PED geometry. Firstly, by tilting the beam away from the optic axis of the microscope (to form the precession cone) the beam passes through the probe-forming lens at a high angle. Aberrations inherent in any lens system will be more significant at higher angles and this leads to an increase in the size of the convergent probe formed on the specimen. In addition, because the de-rocking action integrates through reciprocal space this can lead to an unwanted enhanced background intensity, composed of thermal diffuse scattering (TDS) and inelastic (primarily plasmon) scattering. TDS can be minimised by cooling the sample and inelastic scattering reduced by recording PED patterns from thin crystal (where the probability of inelastic scattering is small) or by using an energy filter to leave only elastic (and phonon) scattered electrons. In this article we illustrate how, using a FEI Titan 80-300 AC-(S)TEM, both energy filtering and aberration correction leads to improved applicability and fidelity of the PED intensities.
Probe formation in precession electron diffraction
In PED the electron beam is tilted from the optic axis by an angle r and then rotated azimuthally (q) about the axis by use of the beam (pre-sample) deflector coils. The image (post-sample) deflector coils are then used to bring the tilted beam back onto the optic axis. The net effect is equivalent to having a stationary beam and precessing the sample by an angle r about the beam axis. The probe at the specimen is determined by the size of the illuminating aperture, via the diffraction limit, and the shape of aberration function, c(k), of the pre-specimen lens 1 . In AC-STEM the aberration function is made as flat and wide as possible creating an isoplanatic patch over which a wide aperture is placed to keep the diffraction limited probe as compact as possible. In PED, a much smaller aperture moves around a circle on the aberration surface sampling a small circular area (Fig. 1) . However, the constraints on the flatness and curvature of the aberration function are no less stringent for the following reasons.
The displacement vector describing the probe centre is equal to the gradient of the (scalar) aberration function evaluated at each point on the precession circle in k space:
As k moves, probe displacement causes the probe to wander from the optic axis, in effect 'dancing' on the sample since the wandering motion is periodic. Curvature of the aberration function introduces two second order effects: defocus and stigmatism. The eigenvalues of the curvature tensor:
can be shown to have values of 1 = 2 (C 10 (r, q) þ jC 12 (r, q)j) and 1 = 2 (C 10 (r, q) À jC 12 (r, q)j), where C 10 (r, q) and jC 12 (r, q)j are the defocus and stigmatism exhibited by the probe momentarily as it proceeds around the precession circle, i.e. they are local to each patch of the aberration surface. Since defocus and 2-fold stigmatism are second order effects they determine the probe width only if the gradient of the aberration function is insignificant or the illuminating semi-angle is wide.
PED probe-forming in a conventional (S)TEM
The round lens of a conventional (S)TEM gives a cylindrically symmetric aberration function determined by defocus (C 10 ) and spherical aberration (C 30 ):
Alternatively, the aberration function can be written in polar angular coordinates:
i.e. lk ¼ (lk x , lk y ) ¼ (r cos (q), r sin (q)). This aberration function is independent of the azimuthal angle and so the probe displacement and stigmatism are radial, i.e. constant in magnitude, but the direction rotates as the beam proceeds around the precession circle. Displacement due to the gradient in the aberration function can be offset by a pivot point adjustment; the defocus change (C 10 ¼ ÀC 30 r 2 ) is compensated by changing the condenser lenses. Only the tilt-induced stigmatism cannot be corrected and the probe elongates to a size, d probe , given by:
where a is the illumination semi-angle [11] . Thus, for an analytical (S)TEM with C 30 ¼ 1.2 mm, a ¼ 1 mrad and r ¼ 35 mrad precession angle, this gives a probe size of 6 nm. A smaller probe can be achieved by balancing the Airy disc of size of the diffraction limited aperture Fig. 1 . The precession geometry superimposed on the phase-plate of an aberrated wave-front (dominated by 6-fold stigmatism at high angles). A small illumination aperture (small circle) moves around the aberration surface subtending a very small angular patch (radius, a) a distance r from the optic axis with azimuthal angle q measured from the reference line (horizontal).
d ¼ 1:22l=a with the stigmatism-limited probe size in Eq. (4). The optimum convergence semi-angle is then:
with a corresponding probe size of:
i.e. with a cr ¼ 0.64 mrad, d cr ¼ 3.8 nm for the values considered above. Whilst this is a usefully small probe, allowing the analysis of many nano-structured materials, there is still a pressing need to reduce the probe size further, to sub-nm dimensions, and to reach that size, we need to correct the spherical aberration using an aberration-corrected (S)TEM.
PED probe-formation in an AC-STEM
Aberration correction of the probe-forming lens utilises a superposition of multi-pole electron optical elements to create negative C 30 that cancels the large positive C 30 of the pre-specimen objective lens (as well as the other 1 st , 2 nd and 3 rd order aberrations 2 ). The probe forming lens is then said to be corrected to 3 rd order and the aberration function is limited by uncorrected 4 th and 5 th order terms, typically 5-fold (C 45 ) and 6-fold (C 56 ) stigmatism. These residual aberrations create an anisotropic (q-dependent) aberration surface and the precessed probe now 'wiggles' as it moves around the precession circle (Fig. 2) . However, with a reasonably well-corrected system no one aberration coefficient may dominate the gradient at all azimuths and so the gradients of all aberrations need be considered. Figure 2 (a) shows the phase-plate of an aberration function measured for our AC-STEM and two precession circles: 35 mrad (896 azimuths) and 50 mrad (1328 azimuths). The precession probes were calculated by moving an aperture, of 1 mrad angular width, around the precession circle, calculating the probe intensity, summing and numerically integrating to find the cumulative radial intensity profile ( Fig. 2(d) ).
The 35 mrad precessed probe shows very little asymmetry because the wander is small, about 10.8 Å (rms value calculated from the aberration gradients explicitly). The intensity profile shows a reasonably symmetric FWHM of 8 Å in both the horizontal and vertical directions ( Fig. 2(b) ). Further, 70% of the probe intensity falls within a radius of 4.8 Å (Fig. 2(d) ) c.f. 4.5 Å for a diffraction limited Airy disc. Also evident is a slight plateau in the cumulative intensity at 10 Å (96% intensity) which is evidence of the intensity minima of the Airy disc remaining intact.
The 50 mrad precessed probe is larger because it wanders over a larger distance (rms distance is 22.2 Å ). The FWHM are no longer identical; 12 Å in the horizontal and 13 Å in the vertical and 70% of the probe intensity now resides within a radius of 7.5 Å .
Other PED probe-limiting factors
Two other factors may contribute to the probe size entering the sample: finite source size owing to the limited brightness of the electron gun and chromatic aberration. The high brightness Schottky gun used on our instrument (FEIs 'XFEG') has a measured reduced brightness of 9Â10 7 A m À2 sr À1 V À1 . A probe carrying 10 pA of current has a geometric source size of 3.4 Å (a ¼ 1 mrad). Smaller probe currents, e.g. <1 pA, are required for a source sizes of 1 Å or less. Alternatively, cold FEGs are expected to provide more current for such small angular diameters by a factor of 2-3 times.
The chromatic aberration contribution to the probe diameter can be estimated by:
where C C is the chromatic aberration coefficient, DE is the energy width of the beam and E 0 is the primary energy of the incident beam. For the XFEG system used here, we have
This gives a value of 5 pm and is thus contributes very little to the PED probe with a small convergence angle.
PED limits in passive and active corrected systems
The technology for 3 rd order aberration correction is now relatively mature and it is worth commenting on the limits of PED within it. By passive system, we mean that all the aberrations up to some order are fully corrected and then held for the duration of the PED acquisition. By minimising the aberrations, the aberration gradients are also minimised and the uncorrected higher orders determine the extent of probe wander. If one uncorrected aberration Aberration-corrected and energy-filtered precession electron diffraction Fig. 2 . A 3D phase-plate surface constructed using measured aberration coefficients (zscale is radians); the 35 and 50 mrad precession circles are marked (a). The summed precession probes for 1 mrad convergence angle and 35 mrad (b) and 50 mrad (c) precession angles and their integrated intensity profiles (d). 2 The order of an aberration describes the power dependence of the deviation of a ray at the image plane relative to the angle from the optic axis, e.g. a 3
rd order aberration shows a displacement in the imaging plane that is proportional to r 3 .
dominates the phase-plate, the root-mean wander, r rms , can be used assess the maximum tolerable precession angle:
The CESCOR corrector manufactured by CEOS is based on a double hexapole design developed by Harald Rose, which has low intrinsic 4 th order aberrations. Fifth-order 6-fold stigmatism (C 56 ) is the first significant aberration [24] and this limits the precession angle to 40 mrad for r rms < 1 nm if the C 56 value in Table 1 is typical. The CEOS dodecapole correctors (DCOR) now partially correct 4 th and 5 th order resulting in a ten-fold improvement in C 56 (0.22 mm) giving a 59 mrad limit [25] . Similarly, Nion's 3 rd generation octupole-quadrupole correctors have been designed to correct all aberrations up to 7 th order, resulting in 8-fold stigmatism (C 78 ¼ 5 cm) being the limiting aberration [26] . For this system, the limiting precession angle is 61 mrad for <1 nm rms wander. If the limiting aberration is isotropic, e.g. C 50 or C 70 , this may be offset by tuning the aberrations C 30 and/or C 10 (defocus) to remove the gradient at that precession angle [27] . This is already used on C 30 -limited systems, so the smallest probe size is limited by stigmatism caused by aberration curvature.
Active systems dynamically shift the beam as the azimuthal angle is changed to maintain a stationary probe. In 2005 Own, Marks and Sinkler detailed the electronic modules needed for a precession box in which correction for 2-fold and 3-fold probe displacements could be augmented with the main precession sinusoidal signal [28] . More recently, Christoph Koch has developed a suite of plug-ins for Gatans Digital MicrographÔ software specifically to reduce beam wandering whilst tilting the beam over a range of tilt geometries (ring/disc/grid) [29] . The multiple inputs required to correct these effects have to be optimized through iterative alignment routines and he has achieved very high beam tilts ($90 mrad) with small, but not insubstantial, shifts of approximately 100 nm. However, this philosophy does nothing to address aberration curvature issues which may be significant on uncorrected instruments. Thus, stigmatism and defocus are likely to prevent sub-nanometre PED probes used unless stigmators and lenses are augmented also.
Practical considerations and preliminary experimental results
We have experimented with PED on an aberration corrected STEM (FEI high-base Titan 80-300 with a Super Twin objective lens) in which the probe-forming lens is aberration corrected to 3 rd order with a CEOS CESCOR corrector. The imaging (post-specimen) objective lens is not corrected and has a spherical aberration coefficient of 1.2 mm (C 30 image ). PED is executed through the scan-engine of FEI's PIA computer software via the Titan user interface. The maximum precession frequency is 10 Hz, but screen flicker was a problem with the FluCam camera and so was reduced to 2.5Hz. PED patterns were collected on two Gatan US1000 2k Â 2k CCD slow scan cameras: one below the viewing screen and one within a Gatan 865 Tridiem imaging filter. The latter was used for energy-filtering the PED patterns (Section 3).
Configuring the PED posed several difficulties, some of which have been mentioned before [30] . We configured the 3-condenser lens system to give fine collimation (a ¼ 1:0 mrad) with a modest probe size $2 nm with the smallest available condenser aperture (50 mm) and a reasonably high excitation of the first condenser lens (spot 9) to demagnify the source. The presence of the aberration corrector restricts the freedom to choose the height that the pivot points are positioned (the crossovers at the entrance and exit planes of the corrector are set by the factory) and so we had to use the specimen height to find the optimum pivot points. Further, the lack of aberration correction on the imaging lens gave rise to the problem of delocalization of the probe at the imaging plane. At a precession angle of 35 mrad, this is substantial: C 30 image r 3 ¼ 51 nm, with a large apparent defocus C 30 image r 2 ¼ 1.5 mm. Thus, the precessed probe appeared as a ring and this makes the realspace image of the probe-specimen geometry difficult to decipher. Thus, we had to appeal to the Ronchigram (defocused electron diffraction pattern) and observe the specimen within the central beam. The Ronchigram avoids spurious phase-shifts introduced by the imaging lens and is an extremely powerful plane of observation because of this. Accurate defocus control could be executed here, allowing the PED probe to be located carefully within the layered structure used to test the resolution advantage, see below.
As Liao & Marks have pointed out, the probe-shifts observed on the viewing screen are a compound effect of the probe-forming lens aberrations, the image-forming lens aberrations and beam-tilt-induced shifts caused by slight misalignment by the mechanical assembly of the upper and lower halves of the objective lens [30] . Direct measurement of the probe size from an image is therefore impossible (a similar problem occurs when measuring probe sizes in dedicated STEMs). We used the fine-layered structure of nickel superalloy phases as a 'ruler' for establishing an upper limit on the probe size at the specimen level. If the probe size is bigger than the width of a particular phase, then the PED pattern will include spots indicative of trespassing by the probe. Table 1 . Aberration coefficients measured by the CEOS algorithm and used to generate the phase plate in Figs. 1 and 2(a) One last geometric factor is worth mentioning. The pencil of rays that passes through a specimen of finite thickness, t, describe a pair of rings of diameter rt at the top and bottom surfaces (if the probe is focused middepth). At a precession angle of 35 mrad, a 10 nm thickness increment widens the ring by 0.35 nm. Therefore, the specimen thickness should be restricted to <30 nm for sub-nanometre PED resolution.
Our 'ruler' for AC-PED was a Ni-based superalloy with intergrowths of three phases, in the form of laths, the smallest of which in this region is 4 nm (Fig. 3) . The lattice spacing of one of the structures is 8.3 Å ; a convergence semi-angle of <1.2 mrad was needed to avoid disc overlap in the PED patterm. Thus, we used a ¼ 1.0 mrad. Figure 3(a) shows the high-resolution (phase-contrast) image of the interfacial region. The phase labelled III, is Ni 6 Nb(Al,Ti) [31] and has the hexagonal h-Ni 3 Ti D0 24 structure (P6 3 /mmc) with a ¼ 5.134Å and c ¼ 8.351Å . Either side of this phase we find two further phases in needle form, one is approximately 4 nm in width and is the d-Ni 3 Nb phase (labelled II), which is orthorhombic (Pmmn) with a ¼ 5.161Å , b ¼ 4.216Å and c ¼ 4.465Å and the second is a 6 nm wide needle of the g phase Ni 3 Al (labelled I) which is cubic (Fm 3 3m ). There appears to be a 1 nm overlapping region between regions I and II reducing the effective single phase region widths to 3 and 5 nm respectively.
PED patterns from all three regions are shown in Fig.  3(b) to (e). Weak lattice fringes in the g matrix phase (Fig. 3(a) ) indicated slight tilting of the crystal away from zone axis. This was also seen in the PED pattern of Fig.  3(b) by the asymmetry in the pattern intensity.
One of the practical advantages of PED is that, due to the rocking of the Ewald sphere through the Bragg condition, even if the crystal is slightly misaligned, symmetric patterns are still achievable with sufficiently large precession angle. From these patterns the crystallographic registry at the phase boundaries is evident, with the (100) planar spacing, d 100 , of the hexagonal phase (4.45 Å ) almost perfectly matched to the (001) planar spacing, d 001 , of the orthorhombic structure (4.47 Å ) and 3 Â (112) planar spacing, d 112 , of the cubic phase (4.42 Å ), ensuring an apparently continuous epitaxial boundary. Applying PED improved also the resolution of the diffraction information, allowing data out to 2.5 Å À1 to be measured as indicated in the wide-view diffraction pattern in Fig. 3b . The nearperfect 2 mm symmetry of patterns 3(d) and (e) are clear but interestingly the pattern from the g phase is still offaxis indicating a very slight mis-orientation/strain between the g phase and the h and d phases.
Energy-filtered precession electron diffraction
To date, precession electron diffraction has been employed almost exclusively without energy filtering. The most significant advantage PED affords is the integration through the Bragg condition and this has been sufficient to find new structural solutions [32] [33] [34] and structural refinement [35] of materials. However, diffracted intensities do contain inelastically scattered electrons that excite phonons (thermal diffuse scattering, 10 À2 -10 À1 eV), interband transitions (0.1-20 eV), plasmons (5-30 eV) and core-loss ionizations (10-10 3 eV) within the solid. Fortunately, the total inelastic mean free paths are quite long (50 nm to 150 nm), so inelastics represent a small fraction of the total diffraction intensity for sufficiently thin crystals. Previous work seems to bear this out [36] . However, if the vast majority of inelastically scattered electrons can be removed by, for example, energy filtering, would this improve structural refinement? And, if so, how is this achieved? Figure 4 shows side-by-side comparisions of PED patterns taken from single crystal erbium pyrogermanate, Er 2 Ge 2 O 7 (tetragonal space group P4 1 2 1 2, a ¼ 6.778 Å , c ¼ 12.34 Å [37] ) recorded parallel to the [001] zone axis without (Fig.  4(a) ) and with (Fig. 4(b) ) energy filtering about the elastic Aberration-corrected and energy-filtered precession electron diffraction peak ("zero-loss filtering"). The 20 eV slit size used here was quite large and we chose it to remove non-isochromaticity effects that can be seen when an energy filter is used with small effective camera lengths. However, with careful tuning of the imaging filter, we could bring the slit size down to 5 eV without loss of elastic intensity at high angles (Figs. 5 and 6 incorporate data taken in this condition). The immediate qualitative difference between Fig. 4 (a) and (b) is an improvement in the clarity of the pattern, especially the acuity of the diffracted discs, but as expected [35] , there appears to be no significant change in the relative intensities of the reflections.
First appearances: PED patterns with and without energy filtering

Does energy filtering improve structural refinement?
The intensities of the Bragg reflections in the PED patterns, for three precession angles (17, 25.5 and 34 mrad), were extracted by integrating the area under the Bragg discs and removing the background signal, which was estimated using a linear extrapolation between the assigned limits of the disc. The intensities were compared with kinematical values, derived from the accepted structure of Er 2 Ge 2 O 7 [37] , using a standard crystallographic error metric: the unweighted R 2 residual [1], described here as the R-factor. A small R-factor demonstrates good agreement between the model and the experiment. Figure 5 (a) shows the R-factor for the filtered and unfiltered patterns as a function of precession angle. The filtered PED intensities appear to be in better agreement with the kinematical values with a reduction in the R-factor of between 5% (17 mrad) and 20% (25.5 mrad). The highest precession angle showed a modest improvement of 11% in R-factor.
Direct Methods [1] were used to recover structural solutions by minimising the unweighted R 2 residual against the unfiltered and filtered PED intensities (after background removal). A measure of systematic error between model and experiment is the total displacement (the sum of all the atom displacement magnitudes after refinement) from some or all atomic positions from their ideal positions. Figure 5 (b) shows a reduction in the total displacements for the symmetric sub-unit of erbium pyrogermanate from the ideal positions [37] . Again, the largest change (by energy-filtering) occurred for the 25.5 mrad precession angle with a 35% drop in total displacement. However, the advantage of the larger precession angle (34 mrad) showed a more significant change with a modest improvement in total displacement by energy filtering (28% reduction). This suggests that the large precession angle is the most significant factor in refinement and this concurs with previous studies [38] . However, the reliability is improved when the vast majority of the inelastic intensity is removed (thermal diffuse scattering remains by virtue of their small loss energies).
The distribution of inelastic intensity within PED patterns
To identify where the improvement in refinement came from, we decided to partition the reflections from the highly precessed reflections (25.5 and 34 mrad angles) into two sets and refine against them. The first set was comprised of the weakest Since the improvement in R 2 came from the removal of inelastic contributions a simple measure of the unfilteredto-filtered intensity ratios might show where the changes were most significant. Figure 6 With the small precession angle (7.5 mrad) the unfiltered : filtered intensity ratios appear relatively uniform ( Fig. 6(a) ). For the high precession angle (34 mrad) the ratio map shows a massive variation in disc ratios. In appearance the contrast in the ratio maps is reciprocal to that seen in the PED patterns (filtered or unfiltered) and suggests that the weakest reflections in the pattern have, relatively speaking, the highest inelastic contribution and vice versa. ) ratio has no systematic trend with Bragg angle that might suggest a geometrical effect, e.g. a Lorentz correction, associated with incomplete integration of the rocking curve.
The trend in Fig. 6(d) is more suggestive. It shows the ratio I inel /I el plotted as a function of the elastic scattering, I el , for each reflection. At small precession angles, the ratio remains approximately constant for all reflections suggesting that the inelastic fraction is the same irrespective of reflection strength. As the precession angle increases, the weaker PED reflections exhibit a large increase in inelastic : elastic ratio, i.e. either the inelastic scattering has increased or the elastic has decreased, or some combination thereof.
This effect might be explained by considering the effects of dynamical diffraction and the concentration of Bloch waves onto sub-sets of atoms within the crystal. With the beam parallel to the zone axis, the incident wave, which we can consider for an incoming CBED experiment as a solid cone of plane waves, becomes Bloch waves, with the strongest coupling occurring for s-type states centred on the high-Z atomic columns, in this case the Er columns. Strong thermal diffuse scattering on these columns attenuate the beam quickly creating strong Kikuchi bands and diminish the intensities of the elastic reflections relatively equally.
However, once the incident illumination is tilted significantly away from the zone-axis orientation, as will be the case in precession, the s-type Bloch state coupling is weakened and the electron propagates via Bloch states that are not concentrated on the heavy atomic strings and the electron flux is more equally spread over all the atoms [39] . The ratio of the total cross-section for inelastic scattering versus elastic scattering varies inversely with atomic number, with the inelastic/elastic ratio significantly higher for light elements [39] . Thus, we postulate that the combined effect of plane-wave-like Bloch state propagation and the higher inelastic cross sections of the lighter atoms lead to greater inelastic loss rates (an increase in stopping power). This effect should be seen for those reflections to which, through the structure factor, the light elements contribute most.
At the [001] zone axis of erbium pyrogermanate, broadly speaking the different atomic columns contribute to different groups of {hk0} reflections in the zone axis diffraction pattern. Notably, because of the square-octagon arrangement of the erbium atoms in the [001] projection, they contribute strongly only to a small number of very strong reflections (primarily the 110, 310 and 400 reflec- tions). By contrast, the structure factor of several reflections (particularly 410, 510 and 220) is influenced strongly by the oxygen atoms with the erbium atom positions ensuring that the erbium contribution is almost completely phased out. Thus these reflections should be among the weakest reflections in the central part of the pattern if the reflections are kinematical in nature. Both sets of reflections can be seen in Fig. 6(c) , where the strongly erbium-dominated 310 (q B ¼ 4.6 mrad) and 400 (q B ¼ 5.9 mrad) reflections show almost no variation in the I inel /I el ratio with precession angle as compared to the oxygen-dominated 220 (q B ¼ 4.3 mrad), 410 (q B ¼ 6.0 mrad) and 510 reflections (q B ¼ 7.4 mrad). The large variations that are seen, despite the similarity in the Bragg angle for the different reflections, confirm that the variation is determined by the intensity of the reflection rather than a simple geometrical factor. Germanium tends to contribute to most reflections, both strong and weak, in the pattern and so its contribution to the inelastic/elastic trend is less significant.
The ability, by energy filtering, to remove the inelastic signal, especially from the weakest reflections explains the improvement in structure refinement and the reduction in the residual R-factor. Energy filtering leads to sharper reflection 'shape' (a sharper disc if convergent beams are used) and a reduced background between reflections that allows the reflections to be more precisely extracted.
Conclusions
The modern electron microscope offers more opportunity than ever to solve unknown crystal structures at a smaller scale with the combination of small bright probes and spectral information in the diffraction domain. Aberration correction on the probe-forming lens offers sub-nanometre PED probes that allow us to study novel phases in confined microstructures such as, e.g. carbides and nitrides in nano-structured steels [40] . Zero-loss energy filtering the PED pattern leads to higher fidelity diffraction intensities, which will improve the quality of structural refinement, especially those reflections associated with weaker atomic columns. Leading to a significant improvement in sensitivity to light elements and the reliability of structures refined against the experimental data.
